The efficacy of a recombinantly derived microbial phytase (Natuphos 5000 ® , BASF Corp.) was evaluated in sorghum-soybean meal-based diets of finishing swine. During the 50-to 80-and 80-to 118-kg BW intervals, diets contained .40 and .39% plant P, respectively; control diets fed during the two weight intervals were supplemented with .08 and .04% inorganic P from dicalcium phosphate. The all plant-P diets were supplemented with 0, 300, or 500 phytase units (FTU) per kilogram of diet. Supplemental P ( P = .09) and phytase (linear, P = .01) increased growth rate but did not affect feed efficiency. Dietary treatment did not affect quantitative carcass traits, CP, fat, or moisture content of the loin or taste panel scores of the cooked loin other than a quadratic decrease ( P = .02) in connective tissue amount as phytase supplementation increased. Apparent ileal and total tract digestibilities of DM, GE, and N were not affected ( P > .25) by phytase supplementation, whereas ileal and total tract digestibilities of Ca and P increased ( P < .05 or P < .01) with increasing phytase supplementation. Ultimate load and ash content of the third and fourth metacarpals and metatarsals and serum P levels increased in response to inorganic P and phytase supplementation. Pig performance, carcass traits, and bone traits were essentially equal for the 300 and 500 FTU/kg treatments. These results show that phytase effectively liberates P in sorghum-based diets, and that 300 FTU/ kg (or less) will optimize performance and carcass merit of finishing swine.
Introduction
Supplemental microbial phytase improves the bioavailability of P in corn- (Cromwell et al., 1995a,b) , oat- (Bruce and Sundstøl, 1995) , wheat-, triticale-, (Dü ngelhoef et al., 1994) , and barley-based (Campbell and Bedford, 1992 ) diets for swine. Improved bioavailability of P will reduce the need for expensive inorganic P supplementation and will reduce P excretions by the pig. Both advantages have the potential for improving profitability. The efficacy of microbial phytase for sorghum-based diets has not been determined. Natuphos ® , a phytase produced using recombinant technology, can be used to replace all or some of the inorganic P in diets of weanling (Yi et al., 1996) , growing (Cromwell et al., 1995a) , and growingfinishing pigs (Schell et al., 1996) . Phosphorus needs of finishing pigs destined for slaughter are low, and it may be possible to meet their P needs by phytase supplementation alone.
The objectives of this research were to determine whether Natuphos ® phytase would increase the bioavailability of P in sorghum-soybean meal diets and to determine whether 300 phytase units ( FTU) per kilogram of diet would be as effective as 500 FTU/kg for maximizing performance and carcass merit of terminal-cross finishing pigs.
Materials and Methods
Dietary Treatments. The control diets were formulated to contain .80% lysine and .19% available P for pigs weighing 50 to 80 kg, and .70% lysine and .15% available P for pigs weighing 80 to 118 kg. Available P contents were calculated using analyzed P contents of feedstuffs and availabilities of P reported by NRC (1988) . These P levels had previously been shown to maximize performance and carcass merit of the type of pigs used in this research (O'Quinn, 1996) . One treatment mimicked the control treatment except no inorganic P was added. The two additional treatments were identical to the diet with no inorganic P except either 300 or 500 FTU (Natuphos 5000 ® , BASF, Table 1 . Percentage composition of diets a a As-fed basis. b Diets were supplemented to contain either 0, 300, or 500 FTU/kg diet. Analyzed phytase content of the basal diet was below the 70 FTU/kg detection limit of the assay used. Each batch of phytase-supplemented diet was assayed for phytase. The mean (range) for analyzed values were 278 (250 to 311) and 457 (413 to 521) FTU/kg for diets fed from 50 to 80 kg and 340 (305 to 380) and 554 (503 to 610) FTU/kg for diets fed from 80 to 118 kg. e Analyzed content of control and basal diets with 0, 300, or 500 FTU/kg diet during the 50-to 80-and 80-to 118-kg intervals were, respectively: CP, 16.8, 16.8, 16.7, 16.9 and 15.2, 15.2, 15.1, 15.3; Ca, .56, .37, .36, .37 and .41, .38, .39, .38; P, .43, .36, .35, .35 and .38 .35, .34, .34. f Based on a value of .19 and .35% for sorghum and soybean meal (Eeckholt and De Paepe, 1994 Mount Olive, NJ) were added per kilogram of diet. One phytase unit is defined as the amount of enzyme that liberates 1 mmol of inorganic P/min from 5.1 mM sodium phytate at 37.0°C and pH 5.5. All diets had a constant 1:1 Ca:total P ratio. Composition of the experimental diets for the two weight ranges is given in Table 1 .
Feedstuffs and Diet Preparation.
To ensure uniformity of feedstuffs, the same batch of U. S. No. 2 yellow sorghum, solvent-extracted 44% CP soybean meal, limestone, dicalcium phosphate, and trace mineral and vitamin premixes were used in all experiments. Limestone and dicalcium phosphate were feed grade. Representative samples of all dietary ingredients were analyzed for P (Fiske and Subbarow, 1925), Ca, and CP (AOAC, 1990) . Analyzed CP, Ca, and P were 8.1, .01, and .29%, respectively, for sorghum and 43.1, .33, and .63%, respectively, for soybean meal (as-fed basis). The dicalcium phosphate contained 18.8% Ca and 17.8% P; limestone contained 38.5% calcium. Diets were mixed at 2-wk intervals, or less, in a horizontal ribbon mixer with a 200-kg capacity. Phytase was premixed with 10 kg of ground sorghum in a bowl type mixer (Hobart Model D-3301, Hobart, Troy, OH) before being added to the ribbon mixer. Samples of each mixing of the phytase-supplemented diet were assayed for phytase (Engelen et al., 1994) . Composite samples of each diet were assayed for CP, Ca, and P using the procedure described for the feedstuffs. Diets were fed in meal form.
Growth Trial. A growth trial was conducted from
December 1995 to February 1996. All pigs used in this research were terminal offspring of hybrid DK97 and DK88 boars and DK33 and DK30 sows (Dekalb Swine Breeders, Dekalb, IL). Before the initiation of the experiment, pigs had been fed sorghum-soybean mealbased diets containing .75% Ca and .60% total P. Seventy-two pigs initially weighing 45 to 55 kg were allotted on the basis of sex, litter, and initial weight to provide four replicate pens of barrows and five replicate pens of gilts per treatment. Each pen housed two pigs. Each pen measured 1.22 m × 4.88 m and had a solid concrete floor, one half of which was covered by a roof. Each pen was equipped with a nipple waterer and a single hole self-feeder.
Pigs had ad libitum access to diet and water throughout the growth trial. Pig weights and feed intake were determined at 7-d intervals. The diet change occurred when the mean pig weight for a pen equaled or exceeded 80 kg. When the mean pig weight of a pen averaged 118 kg, a blood sample was obtained from the jugular by venipuncture. Blood was allowed to clot, and after centrifugation, the serum was collected and stored frozen until analyzed for P (Fiske and Subbarrow, 1925) . Pigs were not held without feed before being bled, but they were held without feed overnight before being slaughtered.
Carcass Analyses. Pigs were humanely slaughtered and processed at the Texas A&M University Rosenthal Meat Science and Technology Center using standard slaughter procedures (Haydon et al., 1989) , with the exception that all four feet were removed after pigs were taken from the dehairer. All feet were stored frozen.
After 24 h of storage at 1°C, the right side of each carcass was evaluated for 10th rib longissimus muscle area and backfat depth at the 10th and last ribs. Marbling, color, and firmness scores for the longissimus muscle (NPPC, 1991) were assigned by the same trained individual. Dressing percentage, percentage lean in the carcass, and lean gain per day were calculated (NPPC, 1991) . Also, a loin roast corresponding to the 11th to 13th ribs was removed and cut into 2.54-cm-thick chops. The anterior chops were used for evaluation by a trained sensory panel according to the guidelines described in AMSA (1995) . The chops were cooked on an electric grill to a core temperature of 70°C and were scored by six evaluators. The ground lean from the other chops was assayed for CP, fat, and water percentage (AOAC, 1990) .
Bone Characteristics. The front and hind feet of the right side of all pigs were thawed and cleaned of all muscle and connective tissue to obtain the third and fourth metacarpals and metatarsals. Bones were not heat-treated in any manner. Weight and length of these bones were recorded before mechanical testing. An Instron Universal Testing Machine (Model 1125 Instron Corporation, Canton, MA) was used to determine ultimate load with a three-point test as described by Crenshaw et al. (1981) . This test is used to determine the amount of force a bone can withstand before failing. In the test, the bone is placed medial side down on two supports with a 3.5-cm span and load is applied, midshaft, by a third point moving at a speed of 5.0 mm/min. The same bones that were mechanically tested were manually crushed with a hammer, dried at 100°C overnight, ether-extracted in a Soxhlet reflux apparatus for 16 h to remove lipids, redried at 100°C overnight, then ashed overnight at 500°C to determine bone ash on a dry, fat-free basis.
Digestion and Balance Study. Six barrows were fitted with simple T-cannulas approximately 15 cm anterior to the ileocecal valve. This surgical procedure has been described in previous reports from this laboratory . After a 10-d recovery period, the pigs were used in a replicated 3 × 3 Latin square design digestion study to determine apparent ileal and total tract digestibilities of nutrients in all plant P diets containing 0, 300, or 500 FTU/kg. Composition of diets was identical to diets fed in the growth trial from 50 to 80 kg except .2% chromic oxide was substituted for sorghum.
Each of the three periods consisted of 5 d of diet adjustment followed by 5 d of total feces and urine collection, and then two consecutive days ( 8 h/d) of ileal digesta collection. Pigs were fed the same amount each day within each period. Each day's ration was equally divided between meals at 0700 and 1500.
Daily feed intakes were 2.17, 2.54, and 2.97 kg/d for periods 1, 2, and 3, respectively. Water was manually provided at the rate of 2:1 water:feed (wt/wt), twice daily. Mean pig weights at the beginning of period 1 and at the end of period 3 were 51 and 69 kg, respectively.
Feces were collected twice daily and bulked for the 5-d period. The feces were mixed, and a representative sample was freeze-dried and ground in a Wiley mill (Thomas-Wiley Laboratory Mill Model 4, Arthur H. Thomas Co., Philadelphia, PA) for later laboratory analyses of Cr (Kimura and Miller, 1957) , P, Ca, CP, ash, and DM. Plastic bottles containing 25 mL of 6 N HCl were placed under a funnel-shaped pan to collect each day's urine output. Five percent of each day's urine was stored frozen. A representative subsample of the composite sample was centrifuged to remove trace amounts of particulate matter, then analyzed for N and P.
Ileal digesta were collected between 0700 and 1500 by attaching a latex balloon to the opened cannula. Digesta in the balloon were collected every 15 min, or more often if needed. Digesta were stored on ice during the 8-h collection period. At the end of the first day, a 200-g subsample was taken and frozen to be combined with the next day's subsample. A subsample from each period was freeze-dried and ground before chemical analyses as described for feces. All nutrient digestibilities were calculated using chromic oxide as an indigestible marker.
Statistical Analyses. All statistical calculations were performed using the GLM procedure of SAS (1988) . The pen was the experimental unit for all data from the growth trial. For the digestion study, the pig was the experimental unit.
The statistical model for the growth trial contained the effects of block, sex, treatment, and the interaction of treatment × sex. Treatment sums of squares were partitioned to compare the control treatment and the treatment containing no phytase and to determine the linear and quadratic effects of phytase supplementation. Treatment × sex interactions were not significant ( P > .25), so means are reported for barrows and gilts, combined.
Data from the digestion trial were analyzed as a replicated 3 × 3 Latin square in which the model included the effects of treatment, square, period, and pig (square). Treatment sums of squares were partitioned into linear and quadratic effects of phytase supplementation.
Results
Growth Trial. The addition of inorganic P to the basal diet improved ADG ( P = .01, Table 2 ) during the 50-to 80-kg weight interval but not during the 80-to 118-kg weight interval. For the entire trial, the addition of inorganic P improved ADG ( P = .09). Daily feed intake was not affected by the addition of inorganic P to the basal diet during either of the growth phases or for the entire trial. The addition of inorganic P to the basal diet improved feed efficiency during only the 50-to 80-kg weight interval ( P = .06). Phytase supplementation linearly improved ADG ( P < .01) and gain:feed ( P = .01) but did not affect ADFI during the 50-to 80-kg weight interval. During the 80-to 118-kg weight interval, ADFI ( P = .08) and ADG ( P = .12) tended to improve linearly with increasing supplemental phytase. For the entire trial, ADG and ADFI improved linearly ( P < .05) with increasing levels of phytase. Gain:feed measured over the entire trial was not affected by treatment.
Carcass Analyses. Quantitative carcass traits were not affected by the addition of inorganic P to the basal diet (Table 3) . Pigs fed inorganic P, however, had longissimus muscle areas that were less marbled ( P = Table 4 . Sensory evaluation of loin chops from pigs fed diets with inorganic phosphorus or increasing levels of phytase a a Values are means for four pens of two barrows and five pens of two gilts. Treatment × sex interactions were not significant ( P > .25).
b Scoring system ranged from 1 (extremely dry) to 8 (extremely juicy). c Scoring system ranged from 1 (extremely tough) to 8 (extremely tender). d Scoring system ranged from 1 (abundant) to 8 (none). e Quadratic effect of phytase, P = .02. f Scoring system ranged from 1 (extremely bland) to 8 (extremely intense). .02) than those of pigs fed the basal diet. Phytase supplementation affected only dressing percentage ( P = .05) and marbling ( P = .07). In both cases, a quadratic effect was found due to lower values for pigs receiving the 300 FTU/kg diet. Sensory traits of loin chops were not affected by either inorganic P or phytase supplementation, other than a quadratic increase ( P = .02) in scores for connective tissue amount as phytase supplementation increased (Table  4) . Although scores suggest less connective tissue amount due to phytase supplementation, absolute differences were too small to affect consumer acceptability.
Bone Characteristics. Length and weight of bones
were not affected by supplementation of inorganic P or phytase other than a quadratic response ( P = .04) in length of the third metatarsal with increasing phytase supplementation (Table 5 ). Ash weight ( P < .01) and percentage of ash ( P < .05) increased in all bones due to inorganic P supplementation. Similarly, ash weight ( P < .01) and percentage of ash ( P < .07) increased linearly as phytase supplementation increased. Peak load of the third metacarpal was not affected by treatment, but for all other bones, peak load increased due to inorganic P supplementation ( P < .06) and phytase ( P < .03) supplementation. Serum P concentration increased ( P < .01) in response to the addition of inorganic P and increased linearly as phytase in the diet increased.
Digestion and Balance Study. Apparent ileal and total tract digestibilities of DM, GE, and N were not affected by phytase supplementation (Table 6 ). Ileal digestibility of ash was similar among treatments, and Ca ( P < .02) and P ( P < .01) digestibilities increased with increasing levels of phytase. Apparent total tract digestibilities of ash, Ca, and P were linearly improved ( P < .01) by the addition of increasing levels of phytase. The amounts of DM, GE, N, and ash digested in the large intestine (as indicated by the difference values in Table 6 ) were not affected by phytase additions. Increasing dietary phytase resulted in linear ( P < .05) increases in the disappearances of Ca and P in the large intestine and a quadratic increase ( P < .05) for P disappearance. Supplemental phytase reduced fecal P excretions (linear P < .01, quadratic P = .01) but increased (linear P = .05) urinary P excretions (Table 7) . The net results of phytase supplementation were linear and quadratic improvements ( P < .01) in P retention. Retention of N was not affected by phytase supplementation.
Discussion
Adding phytase to an all plant P basal diet increased the growth rate of finishing pigs (50-to 118-kg BW) to levels equal to or exceeding those of finishing pigs fed the P-supplemented diet. The increased performance from phytase supplementation likely reflects the high proportion of phytate-P in sorghum (Eeckhout and De Paepe, 1994) and the high dietary phytate content from the increased proportion of soybean meal needed to meet the pig's lysine needs.
The improvement in ADG and ADFI due to phytase supplementation is in general agreement with prior research (Cromwell et al., 1993 (Cromwell et al., , 1995a . Phytase supplementation did not affect feed efficiency in the present experiment when measured over the entire trial, although an improvement in feed efficiency was observed from 50 to 80 kg from increasing levels of phytase. Prior research has shown an improvement in feed efficiency from supplementing phytase to basal diets containing only plant P (Cromwell et al., 1993 (Cromwell et al., , 1995a Lei et al., 1993a) , although Lei et al. (1993b) reported that gain:feed was unaffected by dietary phytase in weanling pig diets. Quantitative carcass traits, other than dressing percentage, were not affected by supplemental phytase or inorganic P. Similarly, adding inorganic P or graded levels of phytase to the diet had no effect on cooking loss or sensory evaluation of the cooked lean, other than a quadratic ( P = .02) response in amount of connective tissue from increasing phytase levels. Connective tissue amount from pigs fed phytase levels of 0 or 500 FTU/kg diet were similar, but feeding 300 FTU/kg produced loins with a decreased amount of connective tissue. This quadratic response is somewhat difficult to explain. The positive effects of phytase supplementation on marbling of the longissimus muscle and dressing percentage were small and of little practical importance.
Although some work has been conducted to evaluate the effects of varying levels of P on carcass merit (Cromwell et al., 1970; Stockland and Blaylock, 1973; van Kempen et al., 1976; Ketaren et al., 1993b; Eeckhout et al., 1995) , no published reports could be found on the effects of phytase on carcass leanness and quality. Because moderate changes in dietary P do not affect carcass composition and merit, the additional P liberated by phytase would not be expected to affect carcass merit.
Supplemental phytase had no effect on the apparent ileal or total tract digestibility of DM, GE, or N. This agrees with the results of Simons et al. (1990) and Jongbloed et al., (1992) , who found no effect of phytase on fecal DM digestibility, and the results of Ketaren et al. (1993a) and Bruce and Sundstøl (1995) , who found no effect of phytase on fecal DM or CP digestibilities. However, Mroz et al. (1994) reported a significant increase in apparent total tract digestibility of DM and CP due to phytase supplementation.
Apparent digestibilities of Ca and P were improved at the ileum and over the total tract in response to increasing levels of phytase. The improvement in fecal P digestibility from increasing levels of phytase agrees with other reports (Simons et al., 1990; Beers and Jongbloed, 1992; Ketaren et al., 1993a; Mroz et al., 1994) . The positive response in ileal digestibility of Ca and P from increasing levels of phytase also agrees with other reports (Mroz et al., 1994; Bruce and Sundstøl, 1995) . Pigs fed phytase absorbed more Ca (linear, P = .04) and P (linear, P = .01) from the large intestine than pigs not fed phytase. This suggests that either phytase remained active within the large intestine or that phytase altered the digesta anterior to the large intestine, making Ca and P more degradable by the microflora of the large intestine. The latter possibility may be more plausible because phytase has its greatest activity in the stomach and gastric duodenum, and phytase activity was not detectable in ileal digesta of pigs fed phytase Yi and Kornegay, 1995) . The reported effects of phytase supplementation on absorption of Ca and P from the large intestine of pigs are inconsistent. The data of Mroz et al. (1994) indicated that adding 800 FTU/kg of corn-tapiocasoybean meal diet did not affect absorption of Ca or P in the large intestine of pigs. In the report of Jongbloed et al. (1992) , pigs fed a corn-soybean mealbased diet without phytase supplementation had lower total tract than ileal P digestibilities, indicating a net secretion of P into the large intestine; the addition of 1,500 FTU/kg diet resulted in equal ileal and total tract digestibilities. Supplementation of phytase to a typical Dutch diet, however, did not affect the net loss of P from the large intestine of pigs.
Phytase supplementation in the present study decreased fecal P, thus increasing P retention. Pigs fed the diet with no phytase or supplemental P were still the most efficient at retaining absorbed P, however. Previous reports indicate improvements in P retention as a result of phytase supplementation (Mroz et al., 1994; Bruce and Sundstøl, 1995) . Cromwell et al. (1995a) observed a reduction in fecal P but not total daily P excretion from increasing levels of supplemental phytase. Cromwell et al. (1995b) using the same product tested herein did observe a reduction in total daily P excretion from feeding increasing levels of phytase, which agrees with our results. Phytase supplementation had no effect on N balance, which is in agreement with Mroz et al. (1994) and Bruce and Sundstøl (1995) .
In all instances, the addition of inorganic P or phytase ( P < .01) improved the weight of ash in bones. Percentage of ash in bones was nearly equal for pigs fed the control diet and pigs fed the 300 or 500 FTU/kg diets, and pigs on all three of these diets had bone ash percentages that were clearly greater than those of pigs fed the all plant P diet. Adding 300 FTU/ kg was as effective as adding 500 FTU/kg in improving percentage of ash and peak load of all bones. Also, the peak loads of bones from pigs fed 300 FTU/kg were always equal to or greater than those from pigs fed the adequate P control diet. Cromwell et al. (1995b) used the same phytase product tested herein at inclusion levels of 250, 500, or 1,000 FTU/kg diet and reported considerable increases in bone ash and breaking strength from phytase additions, but only pigs fed 1,000 FTU/kg had bone ash and strength similar to those of pigs fed the P-supplemented control diet. A direct comparison of the results from the present experiment and the results of Cromwell et al. (1995b) is not possible due to differences in P content of basal diets and weights of pigs used. Our results are in general agreement with prior reports (Cromwell et al., 1993 (Cromwell et al., , 1995a that phytase additions to an all plant P diet increased ash content and peak load of bones.
No reports of serum P levels for finishing pigs fed phytase could be found. However, Lei et al. (1993a,b) measured plasma P in weanling pigs and found that increasing supplemental phytase content in the diet also increased plasma P levels. In the present study, increasing phytase was effective ( P < .01) in raising serum P levels, although not to the level of the control diet.
Performance, carcass merit, nutrient digestibility, and bone traits of pigs fed 300 FTU/kg were similar to those of pigs fed 500 FTU/kg with few significant quadratic effects. Pigs fed 500 FTU/kg grew 2% faster than pigs fed 300 FTU/kg; feed efficiency was equal between treatments. No appreciable differences were observed between pigs fed 300 or 500 FTU/kg for carcass leanness, quality scores, or taste panel scores. Apparent P digestibility measured at the terminal ileum favored 500 FTU/kg by four percentage points over 300 FTU/kg; otherwise, apparent digestibilities were similar. Mean bone ash weight was 6% higher for pigs fed 500 FTU/kg than for pigs fed 300 FTU/kg, but mean percentage of ash in bones and peak loads were identical between treatments. The data indicate that 300 FTU/kg maximized performance and carcass merit of finishing pigs and was nearly as effective as 500 FTU/kg in increasing bone ash and strength.
Implications
Supplementing phytase to an all plant phosphorus sorghum-soybean meal diet of finishing pigs increased growth rate, bone ash, peak load, and digestibility of phosphorus. The phytase evaluated in this research can replace inorganic phosphorus in sorghum-based diets of terminal-cross finishing pigs; a level of 300 phytase units per kilogram of diet maximized performance and carcass merit. Phytase, if economical, can be used to reduce phosphorus excretions of finishing pigs without reducing performance or carcass value.
